ABSTRACT The ability of rabbit liver aldolase (D-fructose-1,6-bisphosphate D-glyceraldehyde-3-phosphatate-lyase, EC 4.1.2.13) and rabbit liver fructose-1,6-bisphosphatase (FruP2ase; D-fructose-1,6-bisphosphate 1-phosphohydrolase, EC 3.1.3.11) to partition into the gel phase of Ultrogel AcA 34 is decreased in a mixture of the two enzymes. Titration experiments indicate that a 1:1 complex is formed. The value for the distribution coefficient of the complex corresponds to a molecular mass of 300,000 daltons, the value expected for a dimer containing one mole of each enzyme protein. Complex formation was not observed when either liver enzyme was replaced by the corresponding isozyme from rabbit muscle. The susceptibility of liver Fru-Pease to limited proteolysis by subtilisin was reduced in the presence of liver aldolase, but not when the latter was replaced by muscle aldolase, suggesting that the conformation of Fru-P2ase is altered in the complex. Limited proteolysis of liver aldolase abolishes its ability both to form theterodimer and to protect Fru-P2ase from modification by subtilisin.
tilisin.
In mammalian liver fructose-1,6-bisphosphate aldolase (D- fructose-1,6-bisphosphate D-glyceraldehyde-3-phosphate-lyase, EC 4.1.2.13) and fructose-1,6-bisphosphatase (Fru-P2ase; D- fructose-1,6-bisphosphate 1-phosphohydrolase, EC 3.1.3.11) catalyze successive reactions in gluconeogenesis. Both are found in the cytosol and, like other enzymes of glycolysis and gluconeogenesis, are considered to exist and function as independent entities. In recent years, however, evidence has been accumulating for loose interactions between cytosolic proteins and between these proteins and cellular matrices. Arnold et al. (1, 2) have reported that several glycolytic enzymes of muscle, including aldolase and glyceraldehyde-3-phosphate dehydrogenase, tend to associate with muscle actin, and Clarke and Masters (3) have examined these interactions in detail under conditions of physiological ionic strength. In mammalian erythrocytes both aldolase (4, 5) and glyceraldehyde-3-phosphate dehydrogenase (6) bind to the major membrane polypeptide (band 3 polypeptide), suggesting that these enzymes may function as a membrane-bound complex. Kinetic and physicochemical evidence for an interaction between aldolase and glyceraldehyde-3-phosphate dehydrogenase purified from rabbit muscle has been reported by Keleti and his coworkers (7, 8) .
It has been proposed (3, 9, 10) that weak interactions between soluble enzymes may play a role in metabolism, either by promoting substrate channeling, in the case of enzymes that catalyze successive reactions, or by the induction of conformation changes that alter their catalytic or regulatory properThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 3889 ties. Although direct evidence for subtle interactions has been difficult to obtain, the kinetic evidence for substrate channeling reported by Ovadi and Keleti (7) has been reinforced by the demonstration by Patthy and Vas (11) of the inactivation of glyceraldehyde-3-phosphate dehydrogenase by a labile oxidation product formed by the action of aldolase on dihydroxyacetone phosphate. The efficiency of the inactivation process suggested that it was due to direct transfer of the product from the active site of aldolase to the active site of the dehydrogenase.
We have previously reported (12) indirect evidence for an interaction between rabbit liver aldolase and Fru-P2ase. In solutions containing mixtures of the two enzymes we observed the following indications of conformation changes: (i) in the presence of Fru-P2ase the fluorescence emission maximum for tryptophan in aldolase was shifted from 336 nm to 330 nm; (H) the addition of aldolase reduced the binding of Zn2+ to the two high-affinity sites of Fru-P2ase. In each case the effect was specific for the two enzymes isolated from rabbit liver; the corresponding enzymes isolated from rabbit muscle did not appear to interact with the enzymes from liver. We also reported preliminary evidence for complex formation based on equilibrium gel penetration experiments, in which the ability of each protein to penetrate into the gel phase of Ultrogel AcA 34 was reduced by the addition of the other enzyme.
On the basis of the titration data reported here, a 1:1 molar complex is formed between rabbit liver aldolase and rabbit liver Fru-P2ase, with the dissociation constant too small to measure under the conditions employed. Additional evidence for a conformation change in Fru-P2ase induced by aldolase is presented, based on the decreased susceptibility of the former to limited proteolysis by subtilisin.
MATERIALS AND METHODS
Materials. D-Fructose 1,6-bisphosphate (Fru-P2) (Nas salt), NADH, NADP, and subtilisin Carlsberg type VIII were purchased from Sigma. Glucosephosphate isomerase, glucose-6-phosphate dehydrogenase, and a mixture of triosephosphate isomerase and a-glycerophosphate dehydrogenase (1:10 wt/wt) were purchased from Boehringer Mannheim. Ultrogel AcA 34 was from LKB, Hicksville, NY. The reported effective fractionation range of this gel for globular proteins is 20,000-350,000 daltons. Before use the gel was washed extensively with 5 mM triethanolamine/5 mM diethanolamine buffer, pH 8.5, and allowed to settle.
Rabbit liver and muscle Fru-P2ases were purified from New Zealand White rabbits by the procedures of Traniello et al. (13) 3890 Biochemistry: MacGregor et al.
and Black et al. (14) , respectively. Rabbit liver aldolase was prepared by the procedure of Pontremoli et al. (12) , except that the livers were homogenized in a small Waring Blendor by using three 5-second bursts. Rabbit muscle aldolase was purified by the method of Taylor (15) as modified by Lai (16) . The purified enzymes were stored at 20C as suspensions in 80% saturated (NH4)2SO4. As required, aliquots of the suspensions were centrifuged and the precipitates were dissolved in 5 mM triethanolamine/5 mM diethanolamine buffer, pH 8.5, to final protein concentrations of 8-15 mg/ml. Prior to use, the aldolase and Fru-P2ase solutions were dialyzed against the same buffer.
Specific activities (,gmol of substrate utilized per min per mg of protein) at pH 7.5 and 250C were 15.0, 22.7, 1.7-2.0, and 12.0, for liver Fru-P2ase, muscle Fru-P2ase, liver aldolase, and muscle aldolase, respectively. Specific activities at pH 9.2 and 250C were 3.25 and 6.9 for muscle and liver Fru-P2ases, respectively.
Subtilisin-digested aldolase was prepared by treating a solution of the enzyme (2 mg/ml, specific activity 1.8 Amol/min per mg) in 20 mM triethanolamine/20 mM diethanolamine buffer, pH 8.5, containing 60 mM (NH4)2SO4 with subtilisin (2 ug/ml) at 220C. After 20 min, when the specific activity of the liver aldolase had reached a constant value of 1.0 Mumol/min per mg, the aldolase was recovered by adsorption on phosphocellulose P-ll and elution with Fru-P2 (12).
Methods. Fru-P2ase activity was assayed spectrophotometrically at 250C by following the rate of reduction of NADP at 340 nm in the presence of excess glucose phosphate isomerase and glucose-6-phosphate dehydrogenase (13) . The reaction mixture (1.0 ml) contained 20 mM triethanolamine/20 mM diethanolamine buffer, pH 7.5 or pH 9.2 as indicated, 0.1 mM NADP, 0.1 mM Fru-P2, 2 ,ug each of glucose-6-phosphatedehydrogenase and glucosephosphate isomerase, 2 mM MgCl2 for assay of liver Fru-P2ase or 5 mM MgCl2 for assay of muscle Fru-P2ase, 0.1 mM EDTA, and 40 mM (NH4)2SO4. Aldolase/Fru-P2ase, mol/mol, Aldolase activity was assayed spectrophotometrically at 25°C in the direction of Fru-P2 cleavage by measuring NADH oxidation at 340 rum in the presence of excess a-glycerophosphate dehydrogenase and triose-phosphate isomerase (17) . The reaction mixture (1.0 ml) contained 20mM triethanolamine/20 mM diethanolamine buffer, pH 7.5,0.5 mM Fru-P2, 0.1 mM NADH, and 20 Mg of the triose-phosphate isomerase/a-glycerophosphate dehydrogenase mixture.
Protein was determined spectrophotometrically at 280 nm, assumiing absorbances of: 0.84 (18) , 0.91 (15) , 0.63 (19) , and 0.70 for solutions containing 1 mg/ml of rabbit liver aldolase, rabbit muscle aldolase, rabbit liver Fru-P2ase, and rabbit muscle Fru-P2adse, respectively. The value for specific absorbance of muscle Fru-P2ase was determined on a sample hydrolyzed in alkali and analyzed with fluorescamine (20) , using crystallized bovine serum albumin (Miles) as the reference. The values of Mr were taken as 158,000 and 160,000 for liver (18) and muscle (21) aldolases, respectively, and 140,000 and 142,000 for liver (22) and muscle (14) Fru-P2ases, respectively.
Gel penetration experiments were carried out as described by Ackers (23) as applied by Fahien and Smith (24) to studies of the glutamate dehydrogenase-aspartate aminotransferase complex.
Digestion of Fru-P2ase with subtilisin was carried out at room temperature (220C) in 0.5-ml reaction mixtures containing: 20 mM triethanolamine/20 mM diethanolamine buffer, pH 8.5, 60 mM ammonium sulfate (including the contribution from the Fru-P2ase solutions), 0.5 mg of Fru-P2ase, and aldolase to a final molar ratio to Fru-P2ase as indicated in the legends. The solutions were incubated for 30 min at 22°C and the reaction was begun by the addition of subtilisin as indicated in the figure legends. The progress of digestion of Fru-P2ase by subtilisin was followed by measuring the increase in activity of Fru-P2ase measured at pH 9.2. Other proteins were added as indicated to the required ratios. The suspensions were incubated in 10-ml screw-cap vials at 4°C with gentle skaking for 2 hr, after which the vials were centrifuged at 500 X g and the clear supernatant solutions were assayed for Fru-P2ase or aldolase activity.
The distribution coefficients (KD) were calculated from the relationship KD = (Vprot -Vaq)/(Vtot -Vq), in which Vprt is the penetration volume, equal to total units added divided by the units/ml in the supernatant solution, Vaq is the volume of the aqueous phase excluded from the gel, determined in parallel experiments under the same conditions with blue dextran 2000, calculated from the total amount added divided by the concentration in the supernatant solution. The blue dextran concentrations were calculated from the absorbance at 280 nm. Vwt is the total volume of the system. A value of KD = 1 would correspond to complete penetration of the protein into the gel; a value of KD = 0 would represent complete exclusion. In A, &s represent addition of subtilisin-digested liver aldolase; Os represent addition of muscle aldolase. Estimate of molecular sizes of liver aldolase, liver FruP2ase, and the complex (arrow). Distribution coefficients for the standards-muscle aldolase (160,000 daltons), beef liver catalase (240,000 daltons), horse spleen ferritin (540,000 daltons), all from Pierce, and hemp seed edestin (300,000 daltons) from Sigma-were determined as described in the legend to Fig. 1 , except that protein concentrations were determined by analysis with fluorescamine after alkaline hydrolysis (20) . (Fig. 1B) 4 . Activation of liver Fru-P2ase by subtilisin in the presence of modified liver aldolase. The preparation of subtilisin-modified aldolase is described in Methods. Digestion of Fru-P2ase in the absence or the presence of subtilisin-modified liver aldolase was carried out as described in the legend to Fig. 3 . 0, Liver Fru-P2ase alone; 0, aldolase-to-Fru-P2ase ratio = 1:1; and *, aldolase-to-Fru-P2ase ratio = 2:1. a small peptide from the COOH terminus and decreases the specific activity by one-half (unpublished results), but otherwise leaves the structure intact, abolishes its ability to form the complex with liver Fru-P2ase (Fig. 1A) .
RESULTS

Gel
To estimate the molecular mass of the complex, we determined the values of KD for several known proteins. On this basis we estimated the molecular size of the complex to be 320,000 daltons, compared with 155,000 daltons for Fru-P2ase and 160,000 daltons for liver aldolase (Fig. 2) .
Effect of Liver and Muscle Aldolases on the Activation of Liver Fru-P2ase by Subtilisin. The susceptibility of liver Fru-P2ase to limited proteolysis by subtilisin was decreased by the addition of liver aldolase (Fig. 3A) , suggesting that the conformation of Fru-P2ase is altered in the presence of aldolase. With a molar ratio of aldolase to Fru-P2ase of 1:1 the effect was seen primarily as a lag in the onset of activation; at higher ratios of aldolase to Fru-P2ase there was also a marked decrease in the slope of the activation curves. The maximum effect was observed when the aldolase-to-Fru-P2ase ratio was approximately 2:1. The experiment shown was carried out at pH 8.5, but similar results were obtained at pH 7.5 or pH 6.5 . No effect on the rate of activation of liver Fru-P2ase was seen when liver aldolase was replaced by muscle aldolase (Fig. 3B) , indicating that the effect was not due to the catalytic activity of aldolase because muscle aldolase, on an equivalent weight basis, is 6 times-more active than liver aldolase. Effect of Digestion of Liver Aldolase on Its Ability to Protect Fru-P2ase. The activity of liver and muscle aldolases during digestion with subtilisin was also monitored. Exposure to subtilisin resulted in the rapid conversion of both aldolases to modified forms having approximately 60% and 5% of the initial specific activities, respectively, with Fru-P2 as the substrate (data not shown). A 40% decrease in the activity of muscle aldolase was observed with fructose 1-phosphate as the substrate. In each case the conversion was complete within 5 min and was not significantly affected by the presence of liver Fru-P2ase. The initial lag in the activation of liver Fru-P2ase by subtilisin, observed when liver aldolase was present, appeared to coincide with the time required for aldolase to be converted to the modified form, suggesting that native liver aldolase would provide complete protection even at the molar ratio of Fru-P2ase to aldolase of 1:1. The modification of muscle aldolase by subtilisin resembled that previously reported for its modification by carboxypeptidase, in that the activity toward Fru-P2 was reduced by 95%, while its activity toward fructose 1-phosphate was relatively unchanged (25) .
Aldolase, modified by exposure to subtilisin and recovered by adsorption on phosphocellulose P-li and substrate elution, did not protect Fru-P2ase from activation by subtilisin (Fig. 4) . This was in contrast to the result reported in Fig. 3A We have previously shown that conformation changes in rabbit liver Fru-P2ase can be monitored by measuring its susceptibility to limited proteolysis by subtilisin (26) . On this basis, aldolase appears to induce a more resistant conformation in Fru-P2ase. It also decreases both binding of Zn2+ to liver Fru- P2ase and inhibition by this cation (12) . Changes in other kinetic properties have not yet been detected.
We have attempted to demonstrate substrate channeling in kinetic experiments similar to those reported by Ovadi and Keleti (7) for muscle aldolase and glyceraldehyde-3-phosphate dehydrogenase, but these experiments were complicated by the fact that aldolase generates the acyclic form of Fru-P2, whereas the a-furanose structure is required for its hydrolysis by Fru-P2ase (27) . The specificity of the interaction and the fact that a 1:1 complex is formed support the expectation that it will be found to play a role in regulation of gluconeogenesis.
